ABSTRACT. A male Japanese domestic cat with retarded growth in Hokkaido, Japan, showed progressive motor dysfunction, such as ataxia starting at 3 months of age and tremors, visual disorder and seizure after 4 months of age. Finally, the cat died of neurological deterioration at 9 months of age. Approximately half of the peripheral blood lymphocytes had multiple abnormal vacuoles. Magnetic resonance imaging showed bisymmetrical hyperintensity in the white matter of the parietal and occipital lobes in the forebrain on T2-weighted and fluid-attenuated inversion recovery images, and mild encephalatrophy of the olfactory bulbs and temporal lobes. The activity of lysosomal acid β-galactosidase in leukocytes was negligible, resulting in the biochemical diagnosis of GM1 gangliosidosis. Histologically, swollen neurons characterized by accumulation of pale, slightly granular cytoplasmic materials were observed throughout the central nervous system. Dysmyelination or demyelination and gemistocytic astrocytosis were observed in the white matter. Ultrastructually, membranous cytoplasmic bodies were detected in the lysosomes of neurons. However, genetic analysis did not identify the c.1448G>C mutation, which is the single known mutation of feline GM1 gangliosidosis, suggesting that the cat was affected with a new variant of the feline disease.
GM1 gangliosidosis is a lysosomal storage disease that affects the brain, resulting in progressive neurodegeneration and premature death in both humans and animals [16] . The disease is caused by an autosomal recessive deficiency in lysosomal acid β-galactosidase, which is encoded by the GLB1 gene.
Feline GM1 gangliosidosis has been reported in Siamese cats in Japan [7] and the United States [2] and in Korat cats in Italy [6] . The disease also has been reported in non-purebred domestic cats in the United Kingdom [1, 4, 5, 15] , Japan [11, 14] and Bangladesh [18] . To date, only one pathogenic mutation has been identified as a single nucleotide substitution from guanine to cytosine in exon 14 at nucleotide position 1448 (c.1448G>C) in the coding region of the feline GLB1 gene, resulting in the substitution of arginine with proline at amino acid position 483 (p.R483P). This mutation has been found in Siamese cats in the United States [12] and Japan [19] and in Korat cats in the United States, Canada and several European countries [3, 20] . The same mutation was also found in non-purebred domestic cats [18] . In feline GM1 gangliosidosis caused by this mutation, affected cats generally manifest neurological signs of progressive motor dysfunctions starting from 4 to 6 months of age and die prematurely at approximately 1 year of age.
The present case report, taken from Hokkaido, Japan, describes the clinical, magnetic resonance imaging (MRI), biochemical and pathological features in a Japanese domestic cat that was diagnosed biochemically with GM1 gangliosidosis that was not caused by the known c.1448G>C mutation, suggesting a new variant of the feline disease.
A 4-month-old, 1.78-kg, male Japanese domestic cat was referred to the Rakuno Gakuen University Veterinary Teaching Hospital (RGUVTH) in Hokkaido, Japan, for a complaint of progressive motor dysfunctions. When a combination vaccine was inoculated at 2 months of age at a private animal hospital (Sugiura Pet Clinic), no neurological abnormality was recognized. Three weeks after the vaccination, the cat had slight hindlimb ataxia with retarded growth and a hoarse cry at 3 months of age. A veterinarian in the private animal hospital prescribed prednisolone at that time, which was ineffective. At the initial examination at the RGUVTH, the clinical signs included progressive ataxia with a 6-week history of progression, head tremor with a 1-week history of progression and visual disorder with bilateral loss of menace response at 4 months of age. The neurological examination also revealed slight loss of postural reactions, such as decreased level in wheel barrowing and extensor, postural thrust tests and hyperreflexia of the spinal nerves in all four limbs. However, the cranial nerve reactions; mental status; and the olfactory, auditory and tactile senses were intact. At 6 months of age, the cat's ataxia and tremors worsened and generalized, and the owner reported an episode of seizures. The postural reaction was decreased, and the cat was not able to walk. At 7 months of age, the cat became bedridden. Although the cat survived until 9 months of age by compulsory feeding and compressive urination and defecation, the cat finally died of status epilepticus.
The hematological, MRI and cerebrospinal fluid (CSF) examinations were carried out at the RGUVTH when the cat was 4 months of age. The blood cell counts and serum profiles appeared within normal ranges, except for an increased activity in alkaline phosphatase (ALP; 2,344 U/l). Peripheral blood lymphocytes showed the presence of multiple abnormal vacuoles (Fig. 1) , and the frequency of vacuolated lymphocytes was 47% of whole lymphocytes. MRI showed bisymmetrical hyperintensity in the white matter of the forebrain, especially parietal and occipital lobes, on the T2-weighted (T2W) and fluid-attenuated inversion recovery (FLAIR) images. Mild encephalatrophy was detected in both olfactory bulbs ( Fig. 2A and 2B ) and temporal lobes ( Fig. 2C  and 2D ). However, there was no such lesion of increased T2W and FLAIR intensity in the white matter of the frontal and temporal lobes, the interbrain, brain stem and cerebellum. The corpus callosum and the rostral commissure were difficult to recognize in the T2W sagittal image (Fig. 2E) . Gadodiamide did not enhance any lesion on the T1-weighted image (data not shown). Results of CSF analyses including the cell number (0.3/µl), specific gravity (1.005), protein concentration (12.7 mg/dl) and glucose concentration (144 mg/dl) appeared to be within normal ranges, but some lymphocytes in the CSF had multiple vacuoles like those in the peripheral blood (data not shown).
On the basis of the clinical and MRI findings, a form of gangliosidosis was suspected in this cat. Therefore, when the cat was 6 months old, the activities of β-galactosidase and β-hexosaminidase A and B in leukocytes were measured spectrofluorometrically according to methods described previously [21, 22] . The activities were also measured in the cat's clinically healthy dam and two littermates, which were owned by the same client. The β-galactosidase activity was very low (0.7 nmol/hr/mg protein) in the affected cat, compared to those in its dam and littermates and the reference data ( Table 1 ). The activities of β-hexosaminidase A and B seemed higher in the affected cat than those in its pedigree members and the reference data.
At autopsy, no gross lesions were observed. Histologically, swollen neurons with accumulation of pale, slightly granular cytoplasmic materials were observed throughout the central nervous system (Fig. 3A and 3B ). Dysmyelination or demyelination and gemistocytic astrocytosis were observed in the white matter. Ultrastructural analysis was carried out by a general method, and ultrathin sections were double-stained with uranyl acetate and lead citrate. Electron microscopy revealed membranous cytoplasmic bodies in the lysosomes of neurons (Fig. 3C) .
Direct sequencing of a 326-base pair DNA fragment, including position 1448 in exon 14 of the feline GLB1 gene, was performed using forward (5ʹ-AGA GCA ATG TCT CCC GAG TCT G-3ʹ, c.1351-122 to c.1351-101) and reverse (5ʹ-GAG GAA GTC TTT GTA AAG CCA T-3ʹ, c.1482+51 to c.1482+72) primers designed based on the exonic and intronic sequences of the feline GLB1 gene (GenBank accession nos. AF006749 and ACBE01328632, respectively). The genotyping assay for the c.1448G>C mutation described previously [19] was also performed. However, the c.1448G>C mutation was not identified.
In this report, a juvenile domestic cat in Hokkaido, Japan, with retarded growth and progressive neurological signs was diagnosed with GM1 gangliosidosis by histopathological and ultrastructural examinations and by measuring the leukocyte acid β-galactosidase activity. The β-galactosidase activity of the affected cat was negligible, whereas the β-hexosaminidase activity was moderately increased, perhaps as a compensatory response ( Table 1) . The swollen neurons with ultrastructural membranous cytoplasmic bodies were observed morphologically in the central nervous system in the cat (Fig. 2) . These biochemical and morphological changes showed that the cat was affected with GM1 gangliosidosis. However, the genetic analysis did not identify the c.1448G>C mutation, which is the single known mutation of feline GM1 gangliosidosis [12, 19] , suggesting that the cat was affected with a new variant of the feline disease. The cat had retarded growth and a hoarse cry and started to show neurological signs at 3 months of age and finally died of neurological deterioration at 9 months of age. The clinical signs included ataxia; tremor; visual disorder, which may have been due to cortical blindness; and seizures. These clinical signs seem more severe than those of feline GM1 gangliosidosis caused by the c.1448G>C mutation. Several researchers have reported that affected cats with the homozygous genotype for the c.1448G>C mutation start to show neurological signs at 4 to 6 months of age and die prematurely at approximately 1 year of age [2, 6, 7, 11, 18, 19] . The visual disorders, seizures, retarded growth and a hoarse cry have not been reported in cats homozygous for the c.1448G>C mutation. In addition, our patient had a relatively high frequency (47%) of vacuolated lymphocytes ( Fig. 1 ) and high concentration (2,344 U/l) of serum ALP activity, perhaps due to the excretion of bone-specific ALP, findings that have not been reported previously in cats homozygous for the c.1448G>C mutation.
The difference of the clinical and clinico-pathologic features between these 2 variants of feline GM1 gangliosidosis may result from the difference of pathologic mutations in the feline GLB1 gene, suggesting our patient was affected with a different mutation(s) that are more deteriorative than the known c.1448G>C mutation. In the present report, the obligate carrier dam and one of the littermates of the affected cat showed slightly less than half of the reference activity in leukocyte β-galactosidase ( Table 1 ), suggesting that they may be heterozygous for the mutation(s) [21] . Based on these data, further genetic studies are needed to identify the pathogenic mutation(s) of this new variant of feline GM1 gangliosidosis.
In the present report, the MRI examination revealed bisymmetrical T2W hyperintensity in the white matter of the parietal and occipital lobes (Fig. 2) . In addition, the corpus callosum and the rostral commissure were difficult to recognize. The mild encephalatrophy was detected in both olfactory bulbs and temporal lobes. It is reported that the T2W hyperintensity in the white matter may result from the dysmyelinaton and/or demyelination, increased storage materials and astrocytosis in GM1 gangliosidosis in Shiba Inus [10] . In the present case, the abnormal T2W change was consistent with the histopathological abnormalities to some extent. The abnormal findings of the corpus callosum and the rostral commissure are common hypoplastic characteristics in juvenile-onset gangliosidoses in dogs and cats [8] . The encephalatrophy is observed in some canine and feline gangliosidoses, especially in the later and/ or terminal stages of the disease [9, 10, 13, 17] . In the present case, the atrophy could be observed in an earlier stage (about 4 months of age) than in other animals with gangliosidoses that have been reported previously. This seems to be consistent with the severity of the new type's clinical signs and may be attributed to the difference of a pathogenic mutation(s). In conclusion, the MRI findings of the present case were similar to those seen in previously reported animals affected with GM1 and GM2 gangliosidoses, although there were some distinctions; therefore, the findings in the present case can be useful for supporting the diagnosis of gangliosidosis before the definitive diagnosis is established by biochemical and/or genetic tests.
